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Hydrogen concentration proﬁles through olivine and pyroxene in peridotite xenoliths carried in rift basalts from northern
Tanzania (Lashaine, Eledoi, and Kisite localities) show bell-shaped distributions, indicating that diﬀusive hydrogen loss has
occurred in all minerals. Homogeneous major element concentrations and equilibration of hydrogen between the cores of oli-
vine and coexisting pyroxene suggest that hydrogen loss resulted from diﬀusive degassing during host magma emplacement.
For these samples, hydrogen diﬀusivities in olivine and coexisting pyroxene must be within the same order of magnitude, sim-
ilar to experimentally determined diﬀusivities, but in contrast to previous observations made on xenolithic peridotites. We
demonstrate here, for the ﬁrst time using natural samples, that signiﬁcant diﬀerences in activation energy is likely the primary
parameter that causes the discrepancy between hydrogen diﬀusion in olivine and pyroxene observed in diﬀerent suites of man-
tle xenoliths. Because hydrogen diﬀuses faster in olivine than in pyroxene as temperature increases, hydrogen loss in the Tan-
zanian mantle xenoliths must have occurred at relatively low temperatures (750 to 900 C), whereas hydrogen loss
observed in previous xenolith studies likely occurred at higher temperatures (950 to >1200 C). Thus, the diﬀusive loss of
hydrogen in the Tanzanian mantle xenoliths may have occurred at shallow depths or at the Earth’s surface.
 2019 Elsevier Ltd. All rights reserved.
Keywords: Hydrogen; Diﬀusion; Mantle xenolith; Nominally anhydrous mineral; Tanzanian craton1. INTRODUCTION
Nominally anhydrous minerals (NAMs), such as olivine
and pyroxene incorporate trace amounts of ‘‘water” as
hydrogen impurities in their crystal lattice defects bonded
to structural oxygen (e.g., Bell and Rossman, 1992;
Demouchy and Bolfan-Casanova, 2016). As olivine andhttps://doi.org/10.1016/j.gca.2019.09.023
0016-7037/ 2019 Elsevier Ltd. All rights reserved.
⇑ Corresponding author.
E-mail address: hhui@nju.edu.cn (H. Hui).
1 Current address: Department of Geology and Geophysics, Yale
University, New Haven, CT 06511, USA.pyroxene are the most abundant minerals in Earth’s upper
mantle, even the small amount of hydrogen they contain
may signiﬁcantly aﬀect mantle physical properties, such as
viscosity, electrical conductivity, and seismic wave attenua-
tion (e.g., Karato and Jung, 1998; Mackwell et al., 1985;
Wang et al., 2006). Consequently, much attention has been
paid to the abundance and distribution of hydrogen in
mantle olivine and pyroxene from xenolithic peridotites
(e.g., Peslier et al., 2002, 2010, 2012, 2015; Demouchy
et al., 2006; Grant et al., 2007; Li et al., 2008; Xia et al.,
2010; Denis et al., 2013; Warren and Hauri, 2014; Hui
et al., 2015; Satsukawa et al., 2017).
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in olivine is often partially lost through diﬀusive degassing,
due to a decrease in water fugacity during xenolith emplace-
ment (e.g., Demouchy et al., 2006; Li et al., 2008; Denis
et al., 2013; Peslier et al., 2008, 2015). By contrast, hydro-
gen in coexisting pyroxene is generally homogeneously dis-
tributed, indicating no hydrogen was lost from pyroxene
during emplacement. The only exceptions are orthopyroxe-
nes in Tianchang xenoliths (Tian et al., 2017) and San Car-
los veined peridotite xenoliths (Denis et al., 2018), which
show hydrogen diﬀusion proﬁles in orthopyroxene that
can be interpreted to be caused by melt-rock reaction
(Tollan et al., 2015; Denis et al., 2018). However, hydrogen
is homogeneously distributed in coexisting clinopyroxene in
both cases, and no hydrogen has been detected in the coex-
isting olivine (i.e., dehydrated olivine, dehydrating orthopy-
roxene, and clinopyroxene not dehydrated; Denis et al.,
2018). Thus, all previous investigations of mantle xenoliths
infer that hydrogen diﬀusion in olivine is faster than that in
pyroxene, yet laboratory experiments have shown that
hydrogen diﬀusivities in olivine and pyroxene overlap
(e.g., Farver, 2010; Demouchy and Bolfan-Casanova,
2016; Tian et al., 2017).
The discrepancy between hydrogen diﬀusivity inferred
from measurements on xenoliths compared to experimental
data could potentially undermine the conclusion that
hydrogen contents of xenolithic pyroxene represent mantle
concentrations (e.g., Peslier et al., 2012; Warren and Hauri,
2014; Hui et al., 2015). Various hypotheses have been pro-
posed to explain the diﬀerences (Peslier, 2010), including
the possible diﬀerences between laboratory setting and nat-
ural condition (e.g., Sundvall and Stalder, 2011; Denis
et al., 2018), and diﬀerent diﬀusion mechanisms of hydro-
gen in olivine and pyroxene (e.g., Demouchy et al., 2006;
Grant et al., 2007; Ferriss et al., 2016). However, none of
these hypotheses explain all the observations on natural
samples, and this apparent paradox remains unsolved.
In this study, we determined hydrogen contents of coex-
isting olivine and pyroxene in peridotitic xenoliths from
northern Tanzania using polarized Fourier transform infra-
red spectroscopy (FTIR). We observe hydrogen diﬀusion
proﬁles in all minerals in these xenoliths, the ﬁrst such dis-
covery of hydrogen diﬀusion proﬁles preserved in coexisting
olivine and pyroxene. These data help to reconcile experi-
mental data versus results for natural samples, and suggest
that diﬀerences in activation energy are the cause for previ-
ously inferred diﬀusivity diﬀerences between olivine and
pyroxene in natural samples.
2. SAMPLES AND ANALYTICAL METHODS
The mantle xenoliths analyzed in this study are a suite of
sixteen peridotite xenoliths collected from the Lashaine,
Eledoi, and Kisite volcanoes, which form part of the east-
ern branch of the East Africa Rift that lies within the
Mozambique Belt of northern Tanzania (Table 1). The
xenoliths consist of harzburgite, lherzolite, and wehrlite
(Table 1), displaying coarse-granular or coarse-tabular tex-
tures (Rudnick et al., 1994; Aulbach et al., 2011; Baptiste
et al., 2015). Previous studies document the mineralogy,P-T equilibration conditions, Li isotope, and radiogenic
isotopic compositions (Sm-Nd, Rb-Sr) of a subset of the
Lashaine samples studied here (Rudnick et al., 1994;
Aulbach and Rudnick, 2009; Aulbach et al., 2011). In addi-
tion, microstructures, crystal preferred orientations, and
olivine hydrogen contents for some of the Lashaine and
Eledoi samples were reported by Baptiste et al. (2015).
The samples are generally fresh and may contain
hydrous minerals: phlogopites and pargasitic amphiboles
(Rudnick et al., 1994; Baptiste et al., 2015), in addition to
the nominally anhydrous minerals olivine, orthopyroxene,
clinopyroxene, garnet and/or spinel (chromite) (Table 1).
Olivine is typically inclusion-free, with grain size ranging
from several hundred micrometers to several millimeters.
Orthopyroxenes are usually smaller than olivines. Cracks
are abundant in orthopyroxene from samples 89–664 and
89–674. Clinopyroxene, pale green and discretely dis-
tributed in the groundmass, often contains inclusions,
including CO2-rich ﬂuid inclusions, and cracks, and may
even shows symplectic textures (Rudnick et al., 1994).
Representative mineral grains of olivine, orthopyroxene,
and clinopyroxene were hand-picked under a binocular
microscope from gently-crushed whole rocks. Grains were
selected to avoid fractures or inclusions and then were
washed with ethanol and deionized water in an ultrasonic
cleaner and then dried at room temperature overnight.
The dried mineral grains were then embedded in epoxy
resin and subsequently doubly polished using a Buehler
grinder and an automatic polisher with diamond suspen-
sion (down to 1 mm). The polished mineral sections were
cleaned with acetone, ethanol, and deionized water. The
grain thicknesses, measured using a Mitutoyo digimatic
micrometer, mostly ranged from 70 to 300 lm (EA1 and
EA2). The polished sections were placed in a desiccator
for at least 24 hours before analyses to eliminate potential
surface water. The hydrogen and major-element contents
of mineral grains were determined using an FTIR and an
electron probe microanalyzer (EPMA), respectively.
2.1. Hydrogen analyses
The crystallographic orientation of each polished min-
eral grain was determined using interference ﬁgures under
a petrographic microscope. Only grains having polished
surfaces perpendicular to the principle axes (optic normal,
acute bisectrix, or obtuse bisectrix) were used for FTIR
analyses. Polarized infrared spectra of olivine and pyroxene
with wavenumber from 650 to 7000 cm1 were collected
using a Continulm microscope attached to a Nicolet iS50
FTIR spectrometer at Nanjing University. A liquid
nitrogen-cooled mercury cadmium telluride (MCT) detec-
tor, a KBr beam splitter, and a 32 infrared objective were
used during FTIR analyses. Aperture size from 30  30 to
80  80 lm2 was chosen depending on the grain size, and
the distribution of fractures and inclusions in the mineral
grain. A wire-grid Zn-Se polarizer rotated parallel to the
optical indicatrix a, b, or c was used during FTIR analyses.
Each analysis, consisting of 256 or 512 scans, was per-
formed in a pre-dried N2 gas environment to minimize
interference from atmospheric water vapor. Systematic
Table 1
Summary of mantle xenoliths analyzed in this study.
Sample Locality Lithologya Modal mineralogyb (%) Equil. T (C) c
89–661 Lashaine Garnet Lherzolite Ol86.9Opx6.1Cpx4.2Grt2.1Sp0.5 1090
89–663 Lashaine Harzburgite Ol82.8Opx11.5Sp1.4Phl3.2 1300
89–664 Lashaine Garnet Harzburgite Ol88.8Opx9.7Cpx0.8GrttrSptrPhl3.0 1250
89–669 Lashaine Websterite Ol86.0Opx0.9Cpx8.6SptrPhl3.0 1000
89–672 Lashaine Dunite Ol96.2OpxtrCpx3.8 1080
89–674 Lashaine Garnet Lherzolite Ol79.7Opx11.4Cpx5.8Grt1.4Sp0.5Phl1.0 1240
89–675 Lashaine Garnet Harzburgite Ol72.2Opx24.0Cpx1.8Grt2.0Sp0.5 1260
89–719 Lashaine Garnet Harzburgite Ol82.9Opx11.5Cpx1.2Grt4.5 1150
LS-4 Lashaine Garnet Lherzolite Ol78.0Opx14.0Cpx3.0Grt5.0, Phl 1230
LS-8d Lashaine Harzburgite Ol, Opx, Cpx, Phl
LS-9 Lashaine Lherzolite Ol73Opx19.0Cpx8.0 1060
LS-11 Lashaine Garnet Harzburgite Ol82.0Opx13.0Cpx3.0Grt2.0 1210
LS-15 Lashaine Dunite Ol100.0
EL-3 Eledoi Harzburgite Ol88.0Opx11.0Cpx1.0, Phl, Am 1100
EL-8 Eledoi Harzburgite Ol92.0Opx6.0Cpx2.0 1090
KS-1d Kisite Lherzolite Ol, Opx, Cpx, Sp
Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Grt = Garnet, Sp = spinel (chromite), Phl = phlogopite, Am = amphibole, and
tr = trace amount.
a Lithology are from Rudnick et al. (1994), Baptiste et al. (2015), or this study (LS-8 and KS-1).
b Modal mineralogy are from Rudnick et al. (1994), Baptiste et al. (2015), or this study (LS-8 and KS-1). Minerals in bold are the ones
analyzed using FTIR in this study.
c Equilibrium temperatures were calculated using the two-pyroxene geothermometer (Brey and Ko¨hler, 1990). Major element compositions
of mantle phases used to calculate temperature are from Rudnick et al. (1994) or Baptiste et al. (2015). Pressures used for samples 89–661 and
89–675 are from Rudnick et al. (1994). Pressures are assumed to be 3 GPa (slightly lower than the spinel-garnet transition pressure of
Lashaine peridotites; Rudnick et al., 1994) for garnet-free samples 89–663, 89–669, 89–672, LS-9, EL-3, and EL-8.
d Modal mineralogy not determined.
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heterogeneous distribution of O-H absorbance. Typically,
at least one new background spectrum was collected every
two hours.
Each spectrum was normalized to 1 cm thickness, and
the baseline was manually corrected using the Omnic soft-
ware. The O-H absorbance for each principle direction (Aa,
Ab, or Ac) was determined by integrating the area beneath
the O-H bands with the vector of the incident infrared light
E//a, //b, or //c. The modiﬁed Beer-Lambert equation was
used to convert the total integrated absorbance (Atot = -
Aa + Ab + Ac) to the hydrogen concentration (in ppm by
weight of H2O) in olivine and pyroxene:
CH2O ¼ Atot=I ; ð1Þ
where I refers to the integral speciﬁc absorption coeﬃcient
of 5.32 ± 0.34 ppm1 cm2 (Bell et al., 2003) and 8.4
± 0.42 ppm1 cm2 (Withers et al., 2012) for olivine, 15.6
± 0.94 ppm1 cm2 for orthopyroxene (Bell et al., 1995),
and 7.09 ± 0.32 ppm1 cm2 for clinopyroxene (Bell
et al., 1995). At least two doubly polished grains were mea-
sured for each mineral in a xenolith to obtain Atot (Table 2).
2.2. Major-element analyses
Major-element compositions of olivine, orthopyroxene,
and clinopyroxene were measured using a JEOL JXA-
8100M EPMA at Nanjing University or a JEOL JXA-
8230 EPMA at China University of Geosciences (Wuhan)
calibrated with natural and synthetic standards. Spot anal-
yses were conducted using an accelerating voltage of 15 kVand a beam current of 20 nA. The electron beam size was
1 lm, with peak counting time varying from 10 to 25 s
for diﬀerent elements during each analysis. Cross-
sectional measurements for representative olivine, orthopy-
roxene, and clinopyroxene grains in sample 89–661, and
multi-spot analyses for the grains in some other samples
were carried out to check for homogeneity of major-
element distributions within the grain. Major-element X-
ray maps (for Si, Ti, Al, Fe, Mg, Ca and Na) and backscat-
tered electron (BSE) images were obtained for the selected
olivine, orthopyroxene, and clinopyroxene grains using a
Carl Zeiss Supra 55 ﬁeld emission scanning electron micro-
scope (SEM) at Nanjing University.
3. RESULTS
3.1. FTIR spectra
The polarized FTIR spectra of olivine and pyroxene
obtained in this study (Fig. 1) have pleochroic O-H bands,
similar to those of mantle xenoliths from other localities
(e.g., Bell et al., 1995, 2003; Li et al., 2008; Sundvall and
Skogby, 2011; Peslier et al., 2012; Hui et al., 2015). None
of the spectra show C-H bands at 2700–3000 cm1
(Fig. 1), indicating no interference from epoxy in the FTIR
measurements. The polarized spectra of olivine with the
electric vector parallel to (E//) c have the strongest O-H
absorbance (Fig. 1a and b). The orthopyroxene spectra
obtained with E//c also have the strongest absorbance,
stretching from 2800 to 3700 cm1 relative to those with
E//a and E//b (Fig. 1c). The most prominent bands in the
Table 2
Polarized integrated OAH absorbances and hydrogen concentrations of olivine, orthopyroxene, and clinopyroxene in mantle xenoliths.
Sample Olivine Orthopyroxene Clinopyroxene
Aa Ab Ac H2O (ppm)
a H2O (ppm)
b Aa Ab Ac H2O (ppm)
c Aa Ab Ac H2O (ppm)
c
Group I Group IIe Group I Group IIe Group I Group IIe
Lashaine
89–661 11.7 50.5 273.6 63 ± 9 (4) 40 ± 5 1200.0 667.7 2510.5 281 ± 37 (2) 702.2 767.9 471.8 274 ± 77 (3)
89–663 9.3 26.3 149.1 35 ± 5 (3) 22 ± 3 688.5d 1106.0 1721.3 225 ± 55 (2)
89–664 3.9 34.6 264.7 57 ± 15 (4) 36 ± 9 81.1 122.5d 450.1 41 ± 19 (3)
89–669 6.2 21.2 241.7 51 ± 12 (4) 32 ± 7
89–672 7.3 55.2 286.9 66 ± 16 (4) 42 ± 10 701.3 324.8 568.8 225 ± 33 (2)
89–674 5.1 16.9 257.7 53 ± 9 (3) 33 ± 5 452.1 346.7 1468.6 145 ± 36 (2)
89–675 8.6 29.4 159.4 37 ± 8 (4) 24 ± 4 819.7 520.5 2259.1 231 ± 46 (4)
89–719 1.5 6.0 41.9 9.3 ± 2.7 (4) 5.9 ± 1.6 382.3 174.2 1004.0 100 ± 21 (3)
LS-4 3.7 1.0 10.1 3.1 99.7 22 ± 3 (4) 14 ± 2 841.6 659.5 1988.0 224 ± 29 (2) 688.9 364.2 592.0 232 ± 49 (2)
LS-8 21.8 69.5 353.5 84 ± 13 (3) 53 ± 7 109.9 323.0 337.0 109 ± 30 (2)
LS-9 9.6 25.9 11.5 159.8 38 ± 6 (5) 24 ± 3 1123.2 605.3 2388.9 264 ± 40 (5) 1063.6 1239.7 1094.3 479 ± 59 (3)
LS-11 5.9 25.1 107.7 26 ± 5 (3) 17 ± 3 953.5 744.7 2128.6 245 ± 33 (3) 622.1 932.5 828.6 336 ± 74 (4)
LS-15 1.8 16.9 6.4 107.7 24 ± 4 (3) 15 ± 2
Eledoi
EL-3 2.2 2.3 5.9 20.8 28.6 3.9 9.0 ± 1.8 (4) 5.7 ± 1.1 753.2 689.7 1573.8 193 ± 34 (4) 1155.5d 962.9 773.6 408 ± 62 (2)
EL-8 1.2 4.1 7.6 21.9 0.6 5.7 ± 2.0 (4) 3.6 ± 1.2 218.0 181.6 170.8 80 ± 12 (4)
Kisite
KS-1 0.1 12.7 2.4 ± 0.7 (2) 1.5 ± 0.5 206.9d 172.3 220.9 85 ± 23 (2)
a Numbers in parentheses indicate the number of grains analyzed for each type of mineral. The hydrogen concentrations in italic are the minimal estimations because no hydrogen plateaus were
observed in the mineral grains. Olivine hydrogen concentrations were calculated with the integral speciﬁc absorption coeﬃcients, 5.32 ppm1cm2 for Group I bands and 5.32  2.4 ppm1cm2
for Group II bands, respectively (Bell et al., 2003).
b Olivine hydrogen concentrations were calculated with the integral speciﬁc absorption coeﬃcient of Withers et al. (2012).
d Aa or Ab was calculated based on the Ac/Aa or Ac/Ab from other samples because a grain with E// a or b was not present in the mineral mount.
e Group II bands in olivine were not considered in the diﬀusion modeling.
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Fig. 1. Representative polarized FTIR absorption bands in the O-H vibration region of spectra for (a) Lashaine olivine (89–661), (b) Eledoi
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with E//c. The major O-H bands in the clinopyroxene spec-
tra with E//a and E//b are both at 3610 cm1, while those
with E//c occur at 3510 cm1 (Fig. 1d).
3.2. Hydrogen concentrations
Hydrogen is heterogeneously distributed in both olivine
and pyroxene in all samples, as seen by the bell-shaped pro-
ﬁles (Fig. 2 and EA1). The lower O-H absorbance observed
at the grain edges again indicates no interference from
epoxy, which has much higher hydrogen concentration than
any NAM. Despite the ubiquitous heterogeneous hydrogen
distribution within each grain, 103 out of the 112 mineral
grains analyzed, including both olivine and pyroxene, have
preserved long homogeneous hydrogen concentration pla-
teaus (Fig. 2 and EA1), which are representative of the ini-
tial concentration of hydrogen in these minerals (Thoraval
and Demouchy, 2014). The other nine grains, which do
not have hydrogen concentration plateaus, are either very
small or have a lot of cracks. Therefore, the hydrogen con-
centrations of olivine and pyroxene in these mantle xeno-
liths can be calculated using the polarized O-H
absorbances of the plateau at the grain centers (Table 2).3.3. Major-element distributions
Major-element compositions of olivine and pyroxene in
nine of sixteen xenoliths were measured in this study
(Table 3). The olivine compositions in sample 89–661
obtained in this study (Table 3) are consistent with those
determined previously (Rudnick et al., 1994). Cross-
sectional analyses of olivine and pyroxene in sample 89–
661 (Fig. 3), multi-spot analyses of mineral grains in some
other samples (Table 3), as well as X-ray maps of major ele-
ments in minerals of samples 89–661 and 89–675 (Fig. 4),
reveal homogeneous distributions of major elements in
the olivine, orthopyroxene, and clinopyroxene grains ana-
lyzed in this study.
4. DISCUSSION
4.1. Inter-mineral equilibration of hydrogen
The linear correlation of Mg# [Mg/(Mg + Fe)  100,
using a.p.f.u (atom per formula unit) and all Fe as Fe2+]
between olivine and orthopyroxene in mantle xenoliths
(r2 = 0.93; Fig. 5a) suggests that the two phases are in equi-
librium. However, the clinopyroxenes in Lashaine samples
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lie oﬀ the equilibrium correlations for olivine (r2 = 0.93)
and orthopyroxene (r2 = 0.93), respectively (Fig. 5b and
c), and are unlikely to be in equilibrium with the coexisting
olivine and orthopyroxene. The deviation from equilibrium
indicates that these clinopyroxenes may be secondary or
altered (Rudnick et al., 1994). Note, however, that the
hydrogen partitioning between the coexisting phases could
be in equilibrium, even if the major elements are not (Hui
et al., 2015).
The ratios of hydrogen at the centers of coexisting oli-
vine and pyroxene can be compared to the experimentally
determined partition coeﬃcients of hydrogen between these
phases to assess whether hydrogen was in equilibrium in the
minerals before the onset of hydrogen diﬀusive loss
(Fig. 5d–f). However, experimental data reported in previ-
ous studies cover a wide range of pressures, temperatures,
and compositions. This variability may reﬂect variable pres-
sures and uncertainties associated with hydrogen analyses
in olivine using secondary ion mass spectrometer (SIMS)
(Demouchy et al., 2017). Therefore, the highest and lowestpartition coeﬃcients of hydrogen determined experimen-
tally between coexisting phases at mantle condition from
the literature (Hauri et al., 2006; Tenner et al., 2009;
Kova`cs et al., 2012; Novella et al., 2014; Demouchy
et al., 2017) have been used to assess the equilibration of
hydrogen in the Tanzanian xenoliths.
Inter-phase equilibrium of hydrogen in Tanzanian sam-
ples seems to be largely preserved at the mineral centers,
except for four samples: 89–664, 89–674, LS-8, and EL-3
(Fig. 5d and e). The orthopyroxenes in samples 89–664
and 89–674, and the clinopyroxene in sample LS-8 may
have undergone extensive hydrogen loss, consistent with
the lack of O-H absorbance plateaus in these minerals
(EA1), and consistent with their deviation from equilib-
rium. It is not clear what may have caused the hydrogen
concentrations of sample EL-3 to deviate from the equilib-
rium region for olivine and pyroxene (Fig. 5d and e),
though we note that the hydrogen ratios between olivine
and pyroxene in this sample are within the ranges observed
in natural samples (Demouchy and Bolfan-Casanova,
2016). Furthermore, hydrogen in the cores of orthopyrox-
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(Fig. 5f).
4.2. Hydrogen diﬀusion in Tanzanian olivine and pyroxene
Hydrogen in olivine and coexisting pyroxenes is hetero-
geneously distributed within the grains (Fig. 2 and EA1), in
contrast to the major elements, which are homogenous.
Thus, the distributions of hydrogen and major elements
are not correlated, and it is unlikely that the bell-shaped
proﬁles of O-H absorbance in olivine and pyroxene resulted
from melt-rock interaction (Tollan et al., 2015), or new
growth around pre-existing grains in a relatively dry
magma (Denis et al., 2013), as these processes are expected
to result in major element zoning. Rather, it is more likely
that the heterogeneous distributions of hydrogen in coexist-
ing olivine and pyroxene grains observed in this study
resulted from diﬀusive loss of hydrogen during xenolith
emplacement (e.g., Demouchy et al., 2006; Peslier et al.,
2015). This is consistent with the decreases observed in
hydrogen concentrations near cracks and fractures within
several mineral grains (EA1). The proﬁles of integrated
absorbance are similar to those of site-speciﬁc absorbance
in olivine (EA3) and pyroxene (EA4), respectively. This
similarity suggests that the hydrogen species in each mineral
of this study have similar diﬀusivities. Therefore, we used
the integrated absorbance of each mineral, to represent
hydrogen concentration in diﬀusion proﬁles in this study,
the same as previous studies (e.g., Xia et al., 2000;
Demouchy et al., 2006; Peslier et al., 2008; Denis et al.,
2013; Peslier et al., 2015; Tian et al., 2017).
The bell-shaped hydrogen concentration proﬁles can be
ﬁt by one-dimensional (1-D) or three-dimensional (3-D) dif-
fusion modeling. Both laboratory experiments and numer-
ical simulations have demonstrated that the hydrogen
distribution in a mineral is typically controlled by hydrogen
diﬀusion along its fastest axis (e.g., Thoraval and
Demouchy, 2014; Ferriss et al., 2015; Demouchy et al.,
2016), and, thus, 1-D modeling can be a good approxima-
tion (Thoraval and Demouchy, 2014). Furthermore, 1-D
hydrogen diﬀusion modeling has been commonly used for
both xenoliths and laboratory hydrogen diﬀusion experi-
ments (e.g., Ingrin et al., 1995; Xia et al., 2000;
Demouchy and Mackwell, 2003, 2006; Stalder and
Skogby, 2003; Peslier et al., 2008; Jollands et al., 2016).
Finally, we do not observe a large diﬀerence between
hydrogen diﬀusion proﬁles along diﬀerent axes for a given
mineral grain (EA1). Therefore, 1-D diﬀusion modeling is
used in this study to compare with previous results.
Assuming that the hydrogen concentration at the grain
edge is 0, 1-D modeling was performed in Excel with the
following equation (Shewmon, 1989):
c x; tð Þ ¼ 4co
p
X1
j¼0
1
2jþ 1ð Þ sin
2jþ 1ð Þpx
h
A^
 exp  ð2jþ 1Þp
h
 2
Dt
 !
; ð2Þ
where c is the hydrogen content expressed as the integrated
O-H absorbance along a speciﬁc axis normalized to 1 cm
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186 Y. Xu et al. /Geochimica et Cosmochimica Acta 267 (2019) 179–195sample thickness, co is the initial O-H absorbance, x is the
distance from the grain edge in m, h is the grain length from
edge to edge in m, D is the diﬀusivity in m2s1, t is the dif-
fusion time in s, and j represents the index of summation.
The ﬁrst 100 terms (to obtain a smooth ﬁtting curve) on
the right side of Eq. (2) were used in the modeling. Follow-
ing previous studies (e.g., Demouchy and Mackwell, 2003;
Peslier et al., 2015), the diﬀusivity was assumed to be con-
stant in each model. Therefore, the hydrogen diﬀusivity
ratio between coexisting olivine and pyroxene (DOlH /D
Px
H )can be obtained without knowing the exact diﬀusion tem-
perature. Because the hydrogen diﬀusion times in both min-
erals are the same, this diﬀusivity ratio can be determined
when the best ﬁts are obtained simultaneously for diﬀusion
proﬁles in both olivine and coexisting pyroxene for each
sample. Note that diﬀerent boundary conditions (i.e.,
whether the hydrogen concentration at the edge is 0) do
not change the calculated hydrogen diﬀusivity ratio. The
orthopyroxenes in samples 89–664 and 89–674 may have
undergone loss of hydrogen through the abundant cracks
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grains can be complicated and, thus, their data have not
been used in diﬀusion modeling (EA1).
4.3. Comparison of DOlH /D
Px
H in mantle xenoliths
The diﬀerences in observed hydrogen diﬀusion distances
in olivine and coexisting pyroxene depends on the relative
diﬀusivities of the two phases. Diﬀusion modeling of our
results for the Tanzanian xenoliths suggest that hydrogen
diﬀusivities in coexisting olivine and pyroxene are very sim-
ilar: DOlH =D
Opx
H vary from 1.4 to 2.6, and D
Ol
H =D
Cpx
H range
from 1.0 to 3.5 (Table 4). These values fall within the range
determined from laboratory diﬀusion experiments (e.g.,
Ingrin and Blanchard, 2006; Farver, 2010).
In contrast to our results, all previous studies made on
xenolithic peridotites inferred that hydrogen diﬀuses much
faster in olivine than coexisting pyroxene (DOlH  DPxH ).
The hydrogen diﬀusivity in Tianchang xenolithic olivine is
inferred to be at least 10 times larger than that in pyroxene
(DOlH =D
Px
H  10; Tian et al., 2017). The shortest hydrogen
diﬀusion distance in mantle olivine so far reported is about
200 lm, while there is no diﬀerence between inferred hydro-
gen contents at the center of an orthopyroxene grain and ata position 80 lm away from the grain edge (Doucet et al.,
2014). Therefore, a conservative estimate of the hydrogen
diﬀusivity ratio between olivine- and pyroxene-based diﬀu-
sion modeling (Eq. (2)) from these earlier studies is
DOlH =D
Px
H  6.
In summary, all previous studies of hydrogen distribu-
tions in xenolithic olivine and coexisting pyroxene have
shown that DOlH  DPxH . However, the hydrogen diﬀusion
proﬁles recorded in olivine and pyroxene of the Lashaine,
Eledoi, and Kistie mantle xenoliths show that there is no
large diﬀerence between their diﬀusivities (DOlH  DPxH ).
4.4. Factors inﬂuencing hydrogen diﬀusion in olivine and
pyroxene
It has been suggested that temperature, pressure, min-
eral chemical composition, and oxygen fugacity may all
aﬀect hydrogen diﬀusivities of mantle olivine and pyroxene
(e.g., Ingrin et al., 1995; Hercule and Ingrin, 1999;
Demouchy and Mackwell, 2003, 2006; Stalder and
Skogby, 2003, 2007; Demouchy et al., 2016). By comparing
our data with those of previous studies we explore the dif-
ferent parameters that inﬂuence hydrogen diﬀusion in the
minerals of mantle xenoliths, aiming to understand the dis-
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the observations of previous mantle xenoliths studies.
4.4.1. Mineral chemistry
Laboratory experiments have demonstrated that min-
eral chemical composition can aﬀect hydrogen diﬀusion in
both olivine and pyroxene (e.g., Mackwell and Kohlstedt,
1990; Kohlstedt and Mackwell, 1998; Hercule and Ingrin,
1999). Iron may enhance hydrogen diﬀusion in olivine
and pyroxene through Fe redox reaction (e.g., Skogby
and Rossman, 1989; Mackwell and Kohlstedt, 1990). How-
ever, this eﬀect is not signiﬁcant enough to control hydro-
gen diﬀusion in natural olivine and pyroxene (Demouchy
and Mackwell, 2006; Stalder and Skogby, 2007; Sundvall
et al., 2009a). Furthermore, lattice defects related to diﬀer-
ent trivalent cations that can inﬂuence hydrogen incorpora-
tion, may play a more important role in inﬂuencing
hydrogen diﬀusivity in natural pyroxenes (e.g., Stalder
and Skogby, 2007; Sundvall et al., 2009a, 2009b). Alu-
minum and Cr, which may charge-couple with hydrogen
to substitute for Si and Mg, respectively, may inhibit hydro-
gen diﬀusion in pyroxene (Stalder and Behrens, 2006;
Ferriss et al., 2016). Indeed, a negative correlation has been
observed between tetrahedral Al and hydrogen diﬀusivity in
natural clinopyroxene (Ferriss et al., 2016). It has been fur-
ther suggested that hydrogen diﬀusivity in orthopyroxene is
correlated with its atomic ratios of Cr/Fe and Fe/(Cr + Al)
(Stalder and Behrens, 2006). However, mineral composi-
tions in the mantle xenoliths studied here are similar to
those from previous studies in which hydrogen is inferred
to diﬀuse much faster in xenolithic olivine than coexisting
pyroxene (Fig. 6). This similarity suggests that mineral
chemical composition is not a crucial parameter in explain-
ing the diﬀerent hydrogen diﬀusivity results. In other words,
chemical compositions could have aﬀected hydrogen diﬀu-
sion in mantle minerals, but it did not cause the diﬀerences
in hydrogen diﬀusion observed between this and previous
studies.
4.4.2. Oxygen fugacity
Experimental data suggest that oxygen fugacity has little
eﬀect on hydrogen diﬀusivity in olivine (Mackwell and
Kohlstedt, 1990; Jollands et al., 2016). Similarly, hydrogen
diﬀusivity in clinopyroxene is independent of oxygen fugac-
ity (Hercule and Ingrin, 1999). More importantly, the oxy-
gen fugacities of our samples (Rudnick et al., 1994) fall
within the range of those from previous studies (Fig. 7).
Therefore, it is reasonable to infer that diﬀerences in oxygen
fugacity are not responsible for the diﬀerent hydrogen dif-
fusivities inferred for olivine and pyroxene between this
and previous studies.
4.4.3. Pressure
No pressure eﬀect has been observed in hydrogen diﬀu-
sion experiments in olivine conducted at pressures from 0.2
to 3 GPa (Kohlstedt and Mackwell, 1998; Demouchy and
Mackwell, 2006; Demouchy et al., 2016). Furthermore, no
diﬀerence has been observed between hydrogen diﬀusion
experiments for orthopyroxene at pressures ranging from
1 bar to 1 GPa either (Carpenter, 2003). Similarly, diﬀusion
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Peslier et al., 2008; Denis et al., 2013; Doucet et al., 2014; Bizimis and Peslier, 2015). No obvious diﬀerence on chemical composition has been
observed between xenoliths of this study and those in literature. Fe# is deﬁned as Fe/(Mg + Fe) in mole fraction.
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pressures of up to 0.3 GPa (the highest pressure so far) sug-
gest no pressure eﬀect on hydrogen diﬀusivity in clinopy-
roxene (Weis et al., 2016). Therefore, the limited
experimental data indicate that pressure variation within
the lithosphere does not aﬀect hydrogen diﬀusion in mantle
minerals.
4.4.4. Temperature
Numerous studies have been carried out over a range of
temperatures on hydrogen diﬀusion in olivine (Mackwell
and Kohlstedt, 1990; Kohlstedt and Mackwell, 1998;Hauri, 2002; Demouchy and Mackwell, 2003, 2006;
Demouchy, 2004; Chen et al., 2011; Gaetani et al., 2012;
Lloyd et al., 2013; Padro´n-Navarta et al., 2014;
Demouchy et al., 2016; Jollands et al., 2016), orthopyrox-
ene (Carpenter, 2003; Stalder and Skogby, 2003, 2007;
Stalder and Behrens, 2006; Stalder et al., 2007; Sundvall
and Skogby, 2011), and clinopyroxene (Ingrin et al., 1995;
Dyar et al., 1996; Guilhaumou et al., 1998; Hercule and
Ingrin, 1999; Woods et al., 2000; Xia et al., 2000; Ingrin
and Blanchard, 2006; Sundvall et al., 2009a, 2009b;
Sundvall and Skogby, 2011; Ferriss et al., 2016; Lloyd
et al., 2016; Weis et al., 2016). However, data from diﬀerent
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Fig. 7. Comparison of oxygen fugacities between diﬀerent mantle
xenoliths. No obvious diﬀerence on oxygen fugacity has been
observed between mantle xenoliths in this study (Rudnick et al.,
1994) and those from Hawaii (Peslier et al., 2015), North America
(Peslier and Luhr, 2006), Eastern China (Yu et al., 2011), South
Africa (Peslier et al., 2012), and Siberia (Doucet et al., 2014).
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other. In particular, the eﬀects of temperature on hydrogen
diﬀusivity is inconsistent from one study to the next
(Farver, 2010; Demouchy and Bolfan-Casanova, 2016).
Therefore, it is necessary to evaluate all available experi-
mental data on hydrogen diﬀusivity and construct consis-
tent relationships between hydrogen diﬀusivity and
temperature for olivine, orthopyroxene, and clinopyroxene.
Furthermore, two diﬀerent mechanisms, proton-polaron
(PP) and proton-vacancy (PV) processes, have been identi-
ﬁed for hydrogen diﬀusion in olivine (Kohlstedt and
Mackwell, 1998; Demouchy, 2010). Both mechanisms could
have contributed to hydrogen diﬀusion in natural olivines
and most laboratory diﬀusion experiments (Ferriss et al.,
2018). It is diﬃcult to assess the contribution of each mech-
anism to hydrogen diﬀusion in natural olivines. Therefore,
we used all diﬀusivities reported from laboratory experi-
ments to assess the temperature dependence of hydrogen
diﬀusivity.
The following criteria have been used to assess the pub-
lished experimental data. First, only diﬀusivity data
obtained from hydrogen extraction or incorporation exper-
iments were used; the data from isotope exchange experi-
ments were not considered here because the diﬀusion
mechanism in isotope exchange experiments is diﬀerent
from that in the hydration or dehydration process
(Karato, 2013). Second, for consistency, the diﬀusivities
obtained from hydrogen diﬀusion along the fastest axis
were used, as both laboratory experiments and numerical
simulations have shown that hydrogen distribution is con-
trolled by diﬀusion along the fastest axis of the crystal
(Thoraval and Demouchy, 2014; Ferriss et al., 2015;
Demouchy et al., 2016). Third, the diﬀusivity data for
hydrogen in synthetic pyroxene were excluded because
hydrogen diﬀusion in pyroxene probably is sensitive to
chemical compositions (e.g., Denis et al., 2018), and such
synthetic pyroxenes are signiﬁcantly compositionally diﬀer-ent from natural pyroxenes (e.g., Stalder et al., 2005, 2007;
Denis et al., 2018). Fourth, the hydrogen diﬀusivity data
obtained from Jaipur diopside (Dyar et al., 1996; Woods
et al., 2000; Ferriss et al., 2016) were also excluded because
the samples have abundant inclusions (Ferriss et al., 2016)
and cracks (Woods et al., 2000), and the diﬀusivities are
very diﬀerent from those of all other natural clinopyroxenes
(Ferriss et al., 2016). Finally, only the diﬀusion experiments
on which temperatures were measured directly, not
assumed or calculated, were used for assessment of the tem-
perature dependence of diﬀusivity.
Without knowing the exact mechanisms that controlled
hydrogen diﬀusion in natural olivines, linear least squares
regressions of all the evaluated experimental data were per-
formed to establish the correlations between hydrogen dif-
fusivity and temperature for olivine (Fig. 8a). The same
procedure was also applied to orthopyroxene and clinopy-
roxene (Fig. 8b and c). In studies where no errors are
reported for temperature, uncertainties were assigned as
follows: we used ±2 C for the vertical furnace experiments
of Kohlstedt and Mackwell (1998) using the estimation of
Stalder and Skogby (2003), ±25 C for the piston cylinder
experiments of Carpenter (2003) using the estimation of
Bromiley et al. (2004), and ±10 C for the TZM cold vessel
experiments of Demouchy and Mackwell (2006) using the
error estimation of Demouchy (2004). In studies where no
error was reported for logD, uncertainties were assigned
to be ±0.1 using the estimations of Stalder and Skogby
(2003) and Stalder et al. (2007). Using the assessed experi-
mental data, the temperature dependence of hydrogen diﬀu-
sivity in olivine, orthopyroxene, and clinopyroxene is
quantiﬁed as:
DOlH ¼ 10ð3:36	1:50Þexp  187	 35ð Þ 
1000
RT
 
; ð3Þ
DOpxH ¼ 10ð5:55	0:34Þexp  147	 8ð Þ 
1000
RT
 
; ð4Þ
DCpxH ¼ 10ð9:21	0:88Þexp  70	 18ð Þ 
1000
RT
 
; ð5Þ
where R is the gas constant, and T is the temperature in K.
The above equations suggest that the activation energy
for hydrogen diﬀusivity in olivine is the highest, while that
for clinopyroxene is the lowest. This means that the diﬀu-
sivity of hydrogen in olivine increases much faster with
increasing temperature than those for pyroxene (Fig. 8d).
Therefore, diﬀerences in the temperature at which diﬀusion
occurred may explain the diﬀerences inferred for hydrogen
diﬀusivity from previous studies of mantle xenoliths and
our results (Fig. 9). At high temperatures, a large amount
of hydrogen may diﬀuse out of olivine, but there would
be no noticeable hydrogen diﬀusion in coexisting pyrox-
enes. This may explain why previous studies of mantle
xenoliths found hydrogen diﬀusive loss proﬁles only in oli-
vine, and not in coexisting pyroxene. The diﬀusivity models
(Fig. 8) suggest that at 1250 C, hydrogen would diﬀuse
more than 200 lm in olivine, but less than 74 lm in
orthopyroxene, and about 8 lm in clinopyroxene, consis-
tent with previous observations (e.g., Doucet et al., 2014).
Consequently, it is diﬃcult to document hydrogen diﬀusion
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Fig. 8. Temperature dependence of hydrogen diﬀusivity in olivine and pyroxene based on experimental studies, as described in the text. Linear
regressions with errors between hydrogen diﬀusivity and temperature of (a) olivine, (b) orthopyroxene, and (c) clinopyroxene, and (d)
comparison of hydrogen diﬀusivity between olivine, orthopyroxene, and clinopyroxene. References: olivine (Mackwell and Kohlstedt, 1990;
Kohlstedt and Mackwell, 1998; Hauri, 2002; Demouchy and Mackwell, 2003, 2006; Chen et al., 2011; Gaetani et al., 2012; Demouchy et al.,
2016; Jollands et al., 2016; Ferriss et al., 2018), orthopyroxene (Carpenter, 2003; Stalder and Skogby, 2003; Sundvall and Skogby, 2011), and
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axis (Demouchy and Mackwell, 2006; Demouchy, 2010) are also plotted respectively for comparison.
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ture. Inour study, the hydrogendiﬀusivity in olivine is similar
to that in coexisting pyroxene (DOlH =D
Opx
H = 1.4–2.6,
DOlH =D
Cpx
H = 1.0–3.5; Table 4), implying that the main stage
of hydrogen diﬀusion in the Tanzanian samples likely
occurred at relatively low temperatures of 750 to 900 C
(Figs. 8d and 9). The activation energy for hydrogen diﬀusion
in Tanzanian olivines is intermediate between PP and PV
rates (Fig. 8a; Kohlstedt and Mackwell, 1990; Demouchy
et al., 2006; Demouchy, 2010). This is consistent with the
observation that the hydrogen loss rates in natural olivines
are controlled by both PP and PV processes (Ferriss et al.,
2018).
4.5. Geological implications
The temperature of the host magma at the time of xeno-
lith entrainment for the Tanzanian xenoliths was likely to
have been quite high (>1100 C; Burgi et al., 2002), based
on the high MgO contents of the host lavas (Dawson
et al., 1970). This is consistent with the relatively high equi-
libration temperatures for our samples calculated using the
two-pyroxene geothermometer (Brey and Ko¨hler, 1990),
which vary from 1000 to 1300 C (Table 1; Rudnick
et al., 1994). However, our data suggest that hydrogen dif-
fusion occurred at much lower temperatures, because if dif-
fusion had occurred at the equilibrium temperatures, thehydrogen diﬀusion distance in olivine would be much
longer than those in coexisting pyroxene.
The nature of host magmas, in particular, its volatile
content, may inﬂuence when hydrogen diﬀusive loss occurs
during xenolith entrainment and emplacement. The
Lashaine lava, rich in alkaline and volatile contents (includ-
ing 0.83 wt.% water), resembles ankaramite (Dawson et al.,
1970). Likewise, a volcanological study of Eledoi ﬁnds that
the host magma also contained very high volatile contents
(Berghuijs et al., 2012). Hydrous mantle minerals, such as
phlogopite and pargasitic amphibole, are commonly pre-
sent in Lashaine (Rudnick et al., 1994; Baptiste et al.,
2015) and Eledoi (Dawson and Smith, 1988) xenolithic peri-
dotites (Table 1). All of these lines of evidence suggest that
the host magma may have been hydrous initially. The
hydrous host magma could have suppressed degassing of
mantle xenoliths at an early stage. Therefore, the main
stage of diﬀusive loss of hydrogen in the Tanzanian olivine
and coexisting pyroxene may have been at shallow depths,
or even on the surface.
Our results suggest that hydrogen diﬀusive loss in the
coexisting olivine and pyroxene likely occurred mainly at
temperatures of 750 to 900 C (Eqs. (3)–(5), Table 4).
The duration of hydrogen diﬀusion in olivine and coexist-
ing pyroxenes is estimated to be between 2 and 50 h
(Table 4). The eruptive phases at Lashaine that carried
the xenoliths are carbonatite tuﬀs and ankaramitic scoria
This study
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can vary several orders of magnitude from 10 to 108 
C/s (Wallace et al., 2003); this range is consistent with the
large variation of hydrogen diﬀusion duration recorded in
these mantle xenoliths.5. CONCLUSIONS
Based on measurements of hydrogen diﬀusion proﬁles in
olivine, orthopyroxene and clinopyroxene, we suggest that
hydrogen diﬀusivities in olivine and pyroxene are relatively
similar at low temperatures (750 to 900 C). By con-
trast, hydrogen diﬀusive loss observed in only olivine but
not coexisting pyroxene, or complete loss of hydrogen from
olivine but partial (or no) loss from pyroxene observed in
all previous studies of mantle xenoliths is attributed to dif-
fusion at high temperatures (950 to >1200 C). Our model
reconciles the discrepancy between previous mantle xeno-
lith studies and laboratory diﬀusion experiments on hydro-
gen diﬀusion in olivine and pyroxene. Furthermore, if
hydrogen is not generally aﬀected by melt-rock reaction
during xenolith emplacement, pyroxene may generally pre-
serve the hydrogen concentration of the deep mantle
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